Abstract -Two versions of a fast, purely reflective Paul-Baker type telescope are discussed, each with an 8.4-m aperture, 3 • diameter flat field and f /1.25 focal ratio.
Introduction
Widening the field of view of large telescopes has been an active research topic during last few years. The special attention was given to further development of the Mersenne [1636] system in a direction specified by Schmidt [1930] , resulting in a three-mirror telescope system. The important milestones on this path were the works of Paul [1935] , Baker [1969] , Willstrop [1984] , and Angel et. al. [2000] .
Curved focal surfaces, which are frequently encountered in wide-field designs, remain undesirable for use with modern detectors (Ackermann, McGraw, and Zimmer 2006). As is well known, there are no practical flat-field configurations for a Cassegrain system. The use of a lens corrector in the exit pupil of a Gregory system enables to reach the ∼ 3
• field, however it remains slightly curved (Terebizh 2006 ). An excellent aberration-free solution by Korsch [1972 Korsch [ , 1977 provides the flat-field three-mirror designs in a frame of theory of 3rd-order aberrations, i.e., for the relatively slow systems. It was shown by Baker [1969] that a flat field could be attained with a fast three-mirror telescope proposed by Paul [1935] (see the general discussion in the book by Schroeder [2000] , §6.4).
Our goal was to find a purely reflecting fast three-mirror system with a flat field not less than 3
• in diameter using only low-order aspheres. For convenience, we consider examples of such a telescope with the physical parameters close to those for the Large Synoptic Survey Telescope (LSST, see Angel et. al. 2000 , Seppala 2002 ). Two versions of such an 8.4-m, f /1.25 telescope are discussed. The first telescope is based on the common, even asphere type surfaces with zero conic constant; the second version is based on a polysag type surface, which uses a polynomial expansion in the sag z, instead of the common form of an aspheric surface.
8.4-m telescope based on even aspheres
The design is shown in Fig. 1 , with performance as described in Table 1 , and the complete optical prescription given in Table A1 of the Appendix. The prescription follows the notation used by the ZEMAX 1 optical design program. Fig. 2 presents the corresponding spot diagrams. As one can see from Table A1 , all three mirrors are even aspheres with zero conic constants, i.e., the slightly deformed spheres. Unlike the LSST, where the mirrors are primarily non-spherical conic sections with the addition of small polynomial corrections up to the 10th order, the telescope described here uses the polynomial terms comparable with the "seed" spheres. As a consequence, the effective radius of curvature at the vertex of each surface is noticeably different from that of the sphere as seen in Table A1 . In this sense, our design is closer to the Willstrop [1984] design with only polynomial representation of the surfaces profiles.
The key point is that the optimal choice both the conic constants and polynomial coefficients leads to another form of the same basic design. Indeed, we can achieve nearly the same image quality as shown in Fig. 2 for a design with non-zero conic constants (of the order of 1) and a new set of the polynomial coefficients. A whole set of parameters simply adjust the theoretically best surface profiles given flat image. The existence of the objectively best profiles for surfaces in a three-mirror telescope with a flat focal surface appears to be natural in the context of the Schwarzschild [1905] approach to aplanatic systems and generalization of that approach to any two-mirror aplanats (Terebizh 2005). We will address this topic later in more detail. Taking into account the above discussion concerning surface profiles, it is interesting to find their deviation from the nearest sphere. It is sufficient for our purposes to choose the simple definition of the nearest sphere, namely, the sphere that includes the surface's vertex and outward rim. Table 2 gives the radiuses of the nearest spheres R n , the corresponding f -numbers φ n ≡ |R n |/(2D n ), and the maximum by modulus deviation of each surface from the nearest sphere δ n ≡ z s − z n for the design presented here and the LSST. In general, both sets of parameters are comparable in value.
The polysag type optical surfaces
An optical surface which is symmetric about the z-axis is usually described by a conic section equation
where r = √ x 2 + y 2 is the radial coordinate, R 0 is the paraxial radius of curvature, and the conic constant b is equal to the negative of the squared eccentricity: b = −ε 2 . In optical ray tracing, it is suitable to solve equation (1) with respect to the sag z, so the standard surface form is defined by equation In designing fast, wide-field optical systems, the conic sections are often insufficient tools, so a polynomial in the radial coordinate is added to the sag representation (2) . For example, an even asphere surface is defined as follows:
These surfaces are quite useful in practice, but some limitations become apparent when we enlarge the system's aperture, speed and the field of view. The point is that a power series slowly converges to a desired function (see, e.g., Lanczos [1988] , Ch. 7; Press et. al. [1992] , §5.1). In optics, we seek as proximate as possible representation of the optimal surface profile, so we are really interested in the most quickly converging series. Meanwhile, the convergence of a power representation (3) is especially slow for fast systems of large aperture, because (3) deals with powers of the ratio r/R 0 , which is not particularly small near the edge of the aperture.
For these reasons, another polynomial approximation can be used to reach the better convergence. The known for a long time expansion Figure 4 : * Spot diagrams of the telescope shown in Fig. 3 for the field angles 0, 0
• .35, and 1 • .5. Wavelength is 0.55 µm, the box width is 1 ′′ .0 (50.9 µm).
can be considered as a natural generalization of equation (1) for the conic sections (see, e.g., Rusinov [1973] ). Here a 3 , a 4 , . . . , a N are coefficients which along with R 0 and b define a polynomial representation in the sag z, but not in the radial coordinate r. Even for very fast surfaces, we have usually z ≪ r, so the polynomial expansion in the sag (polysag) is expected to converge more quickly than (3). Besides, the direct extension of equation (1) in powers of the sag appears sometimes to be a more logical approach than adding a series in powers of r to the solution of equation (1) with respect to the sag. The decomposition (4) was previously tried at low orders N = 3 or 4. Modern computers enable to use the polynomial expansions of any order. The only problem is that advanced optical programs, e.g., ZEMAX, are based on the sag z as a function of the radial coordinate r, while (4) gives the inverse relation. This problem, however, can easily be solved resulting the additional surface type, the polysag 2 . Examples presented below show that polysag surfaces of relatively low order allow one to design large and fast telescopes with high image quality. However, this type of surface is not universal, as sometimes it is better to treat a surface, with the aid of equation (3) . An example is the corrector plate for a Schmidt camera; perhaps, the reason is that the spherical aberration of a sphere is determined just by power terms in the radial coordinate and not in the sag. Clearly, further work with the polysag type surface before limitations of its general application can be well understood.
8.4-m telescope based on polysag surfaces
Our polysag-based 8.4-m design has the same physical parameters as the first example with the traditional even asphere surfaces. The optical layout of the telescope is depicted in Fig. 3 , with the corresponding spot diagrams shown in Fig. 4 , and its performance and parameters given in Tables 3 and A2 . The use of the polysag-type mirrors enables the design to achieve even the better image quality on a flat field with a 3/4/3 configuration of mirrors. The image quality approximately matches atmosphere seeing with spot sizes closely matched to the size of commonly used detector pixels. Note that dimensions of the image spots are not far from the diameter of the central peak in the Airy pattern (1.7 µm).
As one might expect from general properties of the Paul-Baker telescope, the primary mirror for the design shown in Fig. 3 is close to a paraboloid, while the secondary and tertiary mirrors are, in the first approximation, spherical. Unlike the first design, for the polysag type telescope specified in Table A2 the radiuses of curvature R 0 are the paraxial radiuses of the surfaces, but do not describe only their spherical components (compare R 0 from Table A2 with the R n values for the first design given in Table 2 ).
3.5-m telescope based on polysag surfaces
A wider field of view can be attained by applying the polysag surfaces of higher order, or by scaling down the 8.4-m designs discussed above. As a third example, using the polysag type surfaces, we consider 3.5-m telescope with a flat 3
• .5 field. This system is presented in Figs. 5 and 6 ; with performance values given in Table 3 . As one can see, the 3.5-m design has nearly diffraction-limited image quality.
Concluding remarks
In practice, each of the telescopes considered above should be supplied with additional optical elements such as a filter and detector window. This, however, is not a simple problem at f /# ≃ 1.25, because of longitudinal chromatic aberration (see Schroeder [2000] for the discussion and examples). Although a nearly afocal pair of filter and window lenses could be introduced with an acceptable loss of image quality, the design loses some advantages of the initial all-reflective telescope. Use of thin flat plates as the filter and window appears to be a preferable solution. For example, placing a plate 5 mm thick approximately 10 mm from the detector in the 8.4-m design results in image deterioration of roughly 20%. According to M. Ackermann (private communication), this approach is currently being studied at the Sandia National Laboratories.
For some kinds of observations, image distortion may be important. We did not specifically restrict distortion in the proposed designs. Its value of 0.087% for the first design can be reduced at least a factor of two with negligible loss of the image quality.
We choose the 3
• .0 field mainly to facilitate comparison with other systems; perhaps, one can reach the wider field even for a 8.4-m aperture. As mentioned previously, scaling down the designs discussed above is a useful way for creating attractive telescopes with a wider field and simpler surfaces. Indeed, it is much easier to restrict aberrations and obscuration for smaller systems. Also, necessary components such as filters and windows can be added while still maintaining high image quality with the addition of a lens field corrector. This is allowable for the ground-based telescopes, but for the space systems the inherent advantage of the purely reflective optics cannot be matched.
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Appendix:
The complete description of the designs 
